Fkbp5 is a widely expressed peptidyl prolyl isomerase that serves as a molecular chaperone through conformational changes of binding partners. Although it regulates diverse protein functions, little is known about its roles in myogenesis. We found here that Fkbp5 plays critical roles in myoblast differentiation through two mechanisms. First, it sequesters Cdk4 within the Hsp90 storage complex and prevents the formation of the cyclin D1-Cdk4 complex, which is a major inhibitor of differentiation. Second, Fkbp5 promotes cis-trans isomerization of the Thr172-Pro173 peptide bond in Cdk4 and inhibits phosphorylation of Thr172, an essential step for Cdk4 activation. Consistent with these in vitro findings, muscle regeneration is delayed in Fkbp5 −/− This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
mice. The related protein Fkbp4 also sequesters Cdk4 within the Hsp90 complex but does not isomerize Cdk4 or induce Thr173 phosphorylation despite its highly similar sequence. This study demonstrates protein isomerization as a critical regulatory mechanism of myogenesis by targeting Cdk4.
INTRODUCTION
Fkbp5 (also called Fkbp51) belongs to the FK506-binding protein (Fkbp) family of molecular chaperones, which contain peptidyl prolyl isomerase (PPIase) domains that accelerate the cis-trans isomerization of a peptide bond preceding a proline . The two peptide chains flanking a peptide bond can take only two conformations, cis or trans, without any intermediate states because a peptide bond is a partial double bond, restricting free rotation (Hanes, 2015; Schiene-Fischer et al., 2013; Schmidpeter et al., 2015) . The trans conformation is generally more stable because steric hindrance between the amino acids on opposite sides of the peptide bond is weaker than in the cis conformation. This makes the cis conformation extremely rare (<0.01%), unless the peptide bond precedes a proline (Weiss et al., 1998) . Proline renders the cis conformation more stable and prevalent (around 5%) because it has a cyclic side chain bound to the backbone amide nitrogen, preventing repulsion between the two peptide chains. The higher frequency of the cis conformation leads to increased variation in protein folding patterns, making cis-trans interconversion a rate-limiting step in protein folding that regulates their functions. PPIases accelerate the interconversion by decreasing the energy barrier required for the interconversion, serving as a switch for many protein activities, including transcription, chromatin modification, and signal transduction, as well as pathogenesis of Alzheimer's disease and cancer (Hanes, 2015; Nigro et al., 2013; Romano et al., 2015; Storer et al., 2011) . However, the presence of a PPIase does not necessarily determine the choice between cis and trans conformations; it is also determined by the composition of surrounding amino acids and physiological conditions. Fkbp5 was discovered as a subunit of the progesterone receptor complex (Smith et al., 1993) and regulates transcriptional activity of several steroid hormone receptors (Makkonen and Palvimo, 2011; Stechschulte and Sanchez, 2011; Storer et al., 2011) . For example, activation of androgen receptors by Fkbp5 plays a major role in androgen-mediated proliferation of prostate cancer cells. The interaction between Fkbp5 and glucocorticoid receptors modulates stress-mediated neurological diseases (Hausch, 2015; Storer et al., 2011) . In addition, Fkbp5 is involved in steroid-hormone-independent functions, such as isomerization of the tau protein and regulation of the Akt signaling pathway (Cioffi et al., 2011) . The immunosuppressants FK506 and rapamycin bind to the PPIase domain of Fkbps, including Fkbp4 and Fkbp5, inhibiting their activity (Hanes, 2015) . However, Fkbp1 (also called Fkbp12) is the primary target for FK506-mediated immunosuppression in T cells (Xu et al., 2002) . Fkbp4 and Fkbp5 do not seem to play a major role in immunosuppression.
Fkbp5 −/− mice are fertile and do not show any major phenotypes other than anti-depressive behavior (O'Leary et al., 2011; Yong et al., 2007) . Hypergravity is known to upregulate Fkbp5 expression in the soleus muscle (Shimoide et al., 2016) . In addition, overexpressed Fkbp5 in mouse myoblast C2C12 cells induces mRNA encoding sarcomeric myosin heavy chain (MHC) (a marker for differentiating myocytes), which might be relevant to the increased muscle mass due to hypergravity. Other than these findings, little is known about the roles of Fkbp5 in muscle cell proliferation or differentiation. Fkbp4 (also called Fkbp52) is 77% similar to Fkbp5 at the amino acid level (Sivils et al., 2011; Storer et al., 2011) and is also involved in steroid hormone receptor signaling. Fkbp4 −/− female mice are sterile due to implantation failure caused by deregulation of the progesterone receptor pathway (Tranguch et al., 2005; Yang et al., 2006) . Fkbp4 −/− male mice are also sterile with multiple defects in reproductive tissues, such as ambiguous external genitalia and prostate dysgenesis, due to disrupted androgen receptor signaling . Fkbp4 −/− Fkbp5 −/− mice are embryonic lethal, indicating that some functions are redundant between the two genes, although details remain unknown (Yong et al., 2007) . Muscle phenotypes of Fkbp4 −/− and Fkbp4 −/− Fkbp5 −/− mice have not been characterized.
Myogenesis is tightly coupled with cell cycle regulation (Giacinti and Giordano, 2010; Ruijtenberg and van den Heuvel, 2016) . Myogenic stem cells (satellite cells) do not proliferate but will enter the cell cycle when activated by injury or weight bearing. The proliferating cells (myoblasts) will eventually exit from the cell cycle (myocytes) and fuse to form multinucleated cells (myotubes). They will enlarge and mature (myofibers) by incorporating more cells and increasing the cytoplasmic volume per nucleus. The current study illuminates a regulatory mechanism of the cell cycle exit by Fkbp5 through the interaction with Cdk4. Newly translated Cdk4 is first incorporated into a protein complex containing the chaperone Hsp90 and the co-chaperone adaptor Cdc37 in the cytoplasm, where Cdk4 is stabilized in an inactive form (Smith et al., 2015; Stepanova et al., 1996; Vaughan et al., 2008) . Activation of Cdk4 and subsequent phosphorylation of Rb play a central role in deciding whether cells proceed through the restriction point in the late G1 phase; cells are then committed to completing the cell cycle independently of mitogens (Asghar et al., 2015; Baker and Reddy, 2012; Bockstaele et al., 2006) . The protein level of Cdk4 does not drastically fluctuate during the cell cycle; its activity is controlled by at least three steps of post-translational regulation, although the exact order of events has not been firmly established (Bisteau et al., 2013; Bockstaele et al., 2009; Schachter et al., 2013) . First, Cdk4 needs to be released from the Hsp90 complex and bind to cyclin D, whose expression is stimulated by mitogens and increases during the G1 phase. Second, activation of Cdk4 requires phosphorylation of threonine 172 (T172) in the activation loop or T loop by Cdk7 and potentially other Cdk-activating kinases. Finally, Cdk4 requires conformational changes upon binding to its kinase substrates. The cyclin D-Cdk4 complex then enters the nucleus and phosphorylates Rb and weakens the interaction with its binding partner E2F. Further phosphorylation of Rb by cyclin E-Cdk2 releases E2F from the Rb-E2F complex. Released and now active, E2F then binds to its target genes necessary for progression into the S phase. Cyclin D-Cdk4 also inhibits myoblast differentiation by directly interacting with the C terminus of MyoD, preventing its binding to DNA independently of the kinase activity of Cdk4 (Giacinti and Giordano, 2010; Knight and Kothary, 2011) . In addition, cyclin D-Cdk4 inhibits the subnuclear localization and interaction of the myogenic transcription factor MEF2 with the coactivator GRIP-1 (Lazaro et al., 2002) .
In this work, we compared the roles between Fkbp4 and Fkbp5 in muscle regeneration and myoblast differentiation. This study demonstrated that the PPIase activity of Fkbp5 is a crucial element for the cell cycle exit during myoblast differentiation.
RESULTS

Deregulation of Muscle Regeneration in Fkbp4 −/− and Fkbp5 −/− Mice
As the first step to understand whether Fkbp4 and Fkbp5 play any roles in muscle regeneration, the tibialis anterior (TA) muscles in wild-type (WT), Fkbp4 −/− , and Fkbp5 −/− mice were injured by injection of barium chloride. Because the genetic background of Fkbp4 −/− (mix of CD-1 and C57BL/6J) and Fkbp5 −/− (C57BL/6J) were different, WT of each background was used as control for each strain. Muscle regeneration was followed by hematoxylin and eosin (H&E) staining of histological sections between days 5 and 14 postinjection. Regeneration was quantified by the overall size distribution of regenerating myofibers characterized by the presence of centrally located nuclei (CLN) ( Figure 1A ). This study indicated that regenerating myofibers between day 5 and 14 as well as myofibers in undamaged mice were smaller in Fkbp4 −/− mice than those in WT mice except for day 10 ( Figure 1B, left) . In contrast, regenerating myofibers in Fkbp5 −/− mice were prominently smaller than those in WT mice only on day 10; the difference was subtle at other time points (Figure 1B, right) . These results demonstrated that, although TA muscle regeneration was delayed in both knockout (KO) mice, Fkbp5 −/− myofibers regenerated more quickly than Fkbp4 −/− myofibers.
To understand cell-autonomous phenotypes of myoblasts in each KO mouse, primary myoblasts were prepared and induced to differentiate in vitro. Myoblast differentiation was quantified by the differentiation index, which represented the percentage of nuclei existing in the cells that expressed MHC, and by the expression frequency of myogenin, an early marker for differentiation. Cell cycle exit of myoblasts was assessed by EdU uptake. These indicators showed that Fkbp4 −/− and Fkbp5 −/− myoblasts demonstrated opposite phenotypes. The differentiation index was higher in Fkbp4 −/− myoblasts and lower in Fkbp5 −/− myoblasts than WT before differentiation induction (day 0) and in early differentiation with horse serum (day 1; Figures 1C and 1D) . However, the index of both genotypes reached higher than 90% by day 3, becoming indistinguishable from WT. Frequency of myogenin expression confirmed the two KO's opposite effects on myoblast differentiation (Figures S1A-S1C). Consistently, EdU uptake was lower in Fkbp4 −/− myoblasts (earlier cell cycle exit) on day 0 and 1 and higher in Fkbp5 −/− myoblasts (later cell cycle exit) than WT controls on days 0-2 ( Figures 1C and 1E ). Furthermore, single myofiber staining revealed that there were less Pax7(−)/MyoD(+) nuclei in Fkbp5 −/− myofibers than in WT counterparts 72 hr after isolation of the myofibers (Figures S1D and S1E). Satellite cells were activated as a damage response during the isolation procedure and subsequently differentiated from Pax7(+)/MyoD(−) cells (quiescent satellite cells) to Pax7(+)/MyoD(+) cells (activated satellite cells) and then to Pax7(−)/MyoD(+) cells (differentiating myoblasts). Thus, Fkbp5 KO disrupted differentiation of not only primary myoblasts but also freshly isolated myofiber-associated satellite cells. To characterize more details about the differential functions between Fkbp4 and Fkbp5, we used the mouse myoblast C2C12 cell line as a model in the following sections because of the abundance of the material.
Fkbp4 KD Accelerates and Fkbp5 KD Delays Early Differentiation of Myoblasts
Fkbp4 and Fkbp5 were knocked down (KD) with two independent short hairpin RNAs (shRNAs) to lower than 30% of the control levels in C2C12 cells, and these cells were selected with puromycin ( Figure S2A ). Although Fkbp4 KD did not decrease EdU uptake in undifferentiated cells unlike in primary myoblast, Fkbp5 KD recapitulated the increased EdU uptake (Figures 2A and S2B ). Increased cell proliferation by Fkbp5 KD was also evident with a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay and the S phase frequency with flow cytometry ( Figures 2B, 2C , and S2C). In addition, Fkbp5 KD promoted the proliferation of preadipocytes 3T3-L1 and mouse embryonic stem cells ES-E14TG2a and CGR8, indicating that this effect is not limited to muscle cells ( Figures S2D and S2E ).
When differentiation was induced in the KD cells, Fkbp4 and Fkbp5 KD displayed different phenotypes, reproducing the primary myoblast results. First, Fkbp4 KD accelerated but Fkbp5 KD delayed cell cycle exit during differentiation ( Figure 2D ). In addition, Fkbp4 KD induced more abundant expression of MHC on day 1 and more dense formations of myotubes on day 3 than the control or Fkbp5 KD ( Figure 2E ). The differentiation index was also higher with Fkbp4 KD on day 3 and 5 than the control ( Figure 2F ). Furthermore, the 1-nucleus index, defined as the percentage of nuclei in MHC(+) cells that contain only one nucleus, was lower than the control on day 3, indicating more advanced cell fusion ( Figure  2G ). However, myotubes on day 5 were shorter with Fkbp4 KD than the control ( Figure 2E ), demonstrating a disruption of further development to fully elongated myotubes. This observation appeared to agree with the small myofibers observed in the Fkbp4 −/− TA muscles ( Figure 1B) . In contrast, Fkbp5 KD myotubes were characterized by shorter myotubes on day 3 and 5, lower differentiation index on day 5, and higher 1-nucleus index on day 3, all of which pointed to delayed differentiation.
These observations were supported by qPCR analysis of differentiation-specific genes, such as myogenin (Myog), myomaker (Mymk), MHC (Myh3), and creatine kinase M-type (Ckm). The transcript levels were higher in Fkbp4 KD cells and lower in Fkbp5 KD cells than the control during differentiation ( Figure 3A) . Moreover, RNA sequencing (RNA-seq) analysis indicated that more than 1,000 genes were differentially up-or downregulated between Fkbp4 and Fkbp5 KD cells on days 0, 3, and 5 ( Figures S3A and S3B ). Whereas Fkbp4 KD upregulated muscle-specific genes on day 0 ( Figures S3C and S3D ), Fkbp5 KD downregulated muscle genes ( Figures S4A-S4C ). In complementary experiments, retrovirus-mediated overexpression of Fkbp4 did not affect the proliferation, the differentiation index, or expression of differentiation-specific genes compared with the control cells transduced with the empty vector ( Figures 3B-3E and S2F). However, Fkbp5 overexpression showed phenotypes opposite to KD: decreased proliferation of undifferentiated cells; increased differentiation index; and increased expression of differentiation-specific genes ( Figures 3B-3E ). Combining the results of primary myoblasts and C2C12 cells, Fkbp4 inhibits the early phase of myoblast differentiation, whereas Fkbp5 promotes differentiation.
Fkbp4 and Fkbp5 Maintain the Hsp90-Cdk4 Complex
To understand how Fkbp4 and Fkbp5 differentially regulate myoblast differentiation, their binding proteins were analyzed. First, C2C12 cells were separately transduced with FLAGtagged Fkbp4 and Fkbp5 with retrovirus and the transgene-positive cells were selected with puromycin. Immunoprecipitation (IP) was performed with anti-FLAG antibody, and coprecipitated proteins were analyzed with high-resolution peptide tandem mass spectrometry and database searching after proteolytic digestion ( Figures S5A-S5C ). The co-precipitated proteins included Hsp90α, Hsp90β, Cdk4, and Cdc37, which were known to form a complex with Fkbp4 and Fkbp5 in a breast cancer cell line (Jirawatnotai et al., 2014) . Because Cdk4 plays a prominent role in the proliferation and differentiation of myoblasts, we investigated whether Fkbp4 and Fkbp5 differentially regulated the presence of Cdk4 in the complex. First, we verified the co-precipitation between FLAG-Fkbp5 and Cdk4 as well as the reciprocal co-precipitation by western blotting ( Figure 4A ). Second, we performed IP of endogenous Hsp90α/β to compare co-precipitated proteins between undifferentiated and differentiated (day 5) cells. The amounts of co-precipitated Fkbps and Cdk4 did not display a major difference between the two cell types ( Figure 4B ). Third, when we repeated IP of endogenous Hsp90α/β with extracts of undifferentiated Fkbp4 and Fkbp5 KD cells, co-IP of Cdk4 was significantly diminished in both KD cells without decreasing the amount of Cdk4 in the input ( Figure 4C ). Thus, Fkbp4 and Fkbp5 are both necessary to retain Cdk4 within the Hsp90 complex. Finally, IP of cyclin D1 co-precipitated Cdk4 more abundantly from the KD cell extracts than from the control extract, demonstrating that the KD increased the amount of the cyclin D1-Cdk4 complex ( Figure 4D ). Collectively, KD of Fkbp4 and Fkbp5 similarly released Cdk4 from the Hsp90 complex and promoted the formation of the cyclin D1-Cdk4 complex.
Because there was no clear difference in the above process between the two Fkbps, we investigated whether the Fkbps differentially regulated T172 phosphorylation of Cdk4 (Cdk4-p) as a critical step for Cdk4 activation. Indeed, comparison of the KD cells showed more abundant Cdk4-p by Fkbp5 KD than the control and Fkbp4 KD before (day 0) and on day 2 of differentiation ( Figure 4E ). Phosphorylation of Rb at S807 and S811, a downstream effect of Cdk4-p, was also increased specifically by Fkbp5 KD. These Rb phosphorylations trigger phosphorylation of additional sites in Rb (Rubin, 2013) . The increased Cdk4-p and Rb-pby Fkbp5 KD, but not by Fkbp4 KD, could explain why Fkbp5 KD specifically promoted proliferation and delayed differentiation. Therefore, we further characterized Fkbp5-Cdk4 interactions in the following studies.
Fkbp5 Promotes Isomerization of the T172-P173 Peptide Bond in Cdk4
We hypothesized that Fkbp5 specifically promoted isomerization of the peptide bond between T172 and P173 in Cdk4 as the underlying mechanism for the increased Cdk4-p in Fkbp5 KD cells. This possibility was tested with a well-established in vitro PPIase assay. We synthesized two Cdk4 peptides: Cdk4-P50 (succinyl-GGGLP-FpNA, contains P50) and Cdk4-P173 (succinyl-MALTP-FpNA, contains P173). Phe (F) and a paranitroanaline group (pNA) were linked at the C terminus in each peptide. Chymotrypsin hydrolyzes the bond between F and pNA only when the peptide bond preceding Pro (P) is in the trans conformation Shan et al., 1994) . This reaction can be quantified as an increase in the absorbance value at 390 nm caused by the free pNA ( Figure 5A ). Although the absorbance will also increase without PPIase due to spontaneous cis-trans interconversion, the presence of PPIase will accelerate the increase in the absorbance.
Fkbp5 contains a functional PPIase domain (PPI-1) and a nonfunctional pseudo-PPIase domain (PPI-2), in addition to the tetratricopeptide repeat (TPR) domain, which interacts with Hsp90 (Sinars et al., 2003; Stechschulte and Sanchez, 2011;  Figure 5B). We prepared bacterial recombinant proteins of five mutant Fkbp5s as well as WT Fkbp4 and Fkbp5 ( Figure S6A ). Fkbp5-Δ1 and Fkbp5-Δ2 lacked PPI-1 and PPI-2, respectively. Fkbp5-FD67DV lacked PPIase activity due to the replacement of the two amino acids FD with DV at the mouth of the PPIase pocket, potentially causing a major conformational change of the PPIase domain (Barent et al., 1998; Riggs et al., 2007) . The single-amino-acid mutations in Fkbp5-W90L and Fkbp5-F130Y were located inside the PPIase pocket (Riggs et al., 2007) . Although disruption of the PPIase activity by the last two mutations was originally reported with Fkbp4, these amino acids are conserved between Fkbp4 and Fkbp5. Where as none of the recombinant proteins accelerated the release of pNA from the Cdk4-P50 peptide, only WT Fkbp5 accelerated the release of pNA from the Cdk4-P173 peptide ( Figure 5C , red line in the right panel). The promoted isomerization by Fkbp5 was quantified as the higher catalytic efficiency k cat /K M than that of other proteins ( Figure 5D ). Although Fkbp4 did not show PPIase activity with the two peptides, it was not due to failed preparation of the recombinant protein. Fkbp4 instead showed PPIase activity with a peptide containing P30 (H3P30), but not P16, of histone H3 (Figures S6B and S6C) . H3P30 is a known substrate for a yeast Fkbp called Fpr4 (see Discussion).
Next, we studied whether Fkbp5 directly binds to Cdk4 in vitro using a glutathione Stransferase (GST)-pull-down assay with Fkbp5 deletion mutants. Although Fkbp4 did not pull down Cdk4, WT and mutant Fkbp5s pulled it down regardless of PPIase activity. In a reciprocal experiment, the GST-WT Fkbp5 (GST-Fkbp5) was incubated with three deletion mutants of Cdk4 with the removal of around 100 amino acids each ( Figure 5F ). Western blotting of the pull-down results indicated that each mutant remained bound to Fkbp5, and none of the deleted regions were indispensable for the interaction with Fkbp5 ( Figure 5G ). The direct interaction between Fkbp5 and Cdk4 and isomerization of Cdk4 by Fkbp5 led us to hypothesize that Fkbp5 inhibits cell proliferation by directly inhibiting Cdk4 through isomerization of the P173 peptide bond. This possibility was tested in the next sections, first focusing on Fkbp5's PPIase activity and second studying the dependence of the Fkbp5 activity on Cdk4 P173.
Pro-differentiation Activity of Fkbp5 Requires Its PPIase Activity
To investigate whether Fkbp5 functions as a PPIase while regulating proliferation and differentiation of myoblasts, we attempted to rescue the phenotypes of Fkbp5 −/− myoblasts by transducing a series of Fkbp5 mutants lacking the PPIase activity and WT Fkbp4 and Fkbp5 ( Figure 6A ). EdU uptake was promoted in the myoblasts without transduction (Figures 6B, column no. 2 from the left, 6C, and S6D) and with empty vector (no. 3) compared with WT myoblasts (no. 1) in undifferentiated (day 0) and differentiating cells (day 1). Whereas transduction of Fkbp5 decreased EdU uptake (rescued; no. 4), all the mutants and Fkbp4 failed to decrease the uptake compared with empty vector (nos. 5-10). In particular, the failed rescue by the three PPIase (−) mutants (nos. 7-9) underscores the significance of the PPIase activity of Fkbp5 for the cell cycle exit. The differentiation index also showed that only Fkbp5 (no. 4) rescued the inhibited differentiation in Fkbp5 −/− cells on days 0 and 1 ( Figures 6D, 6E , and S6E). These results provided evidence that Fkbp5 requires PPIase activity for its pro-differentiation function.
Pro-differentiation Activity of Fkbp5 Is Dependent on Cdk4 P173
We investigated whether Cdk4 is the primary target of the pro-differentiation activity of Fkbp5. If so, Cdk4 KD would cancel the effect of Fkbp5 KD. In the first step, we knocked down Cdk4 alone to understand its effects on the proliferation and differentiation of C2C12 cells. Two independent shRNA clones decreased the Cdk4 mRNA level to less than 30% of the control ( Figure S7A ). EdU uptake and the differentiation index were not affected by the KD ( Figures S7B and S7C ). The absence of these phenotypes with Cdk4 KD was consistent with a lack of gross abnormality in Cdk4 −/− mouse muscle (Rane et al., 1999; Tsutsui et al., 1999 ).
In the second step, we made double KD cells of Fkbp5 and Cdk4 and verified efficient KD of each gene ( Figure S7D ). We then compared EdU uptake and the differentiation index of single-and double-KD cells. Single KD of Fkbp5 ( Figures S7E and S7F , column no. 2 from the left) increased EdU uptake and decreased the differentiation index compared with the control (no. 1) as expected. However, an additional KD of Cdk4 erased the effects of Fkbp5 KD (nos. 3-6). Because Cdk4 KD alone did not alter EdU uptake or the differentiation index, this result can be interpreted that Fkbp5 uses Cdk4 as a downstream effector in regulating proliferation and differentiation.
Having determined the essential role of Cdk4 in Fkbp5 activity, we studied whether P173 in Cdk4 is necessary for the activity. The double-KD cells were rescued by transducing retrovirus encoding Cdk4 and Cdk4-P173A. The Cdk4 sequence was mutated (called rCdk4 hereafter) at seven nucleotides within the shRNA target sequence without changing the amino acid sequence to make it resistant to KD. The empty vector was transduced as the control. More than 90% of the transduced cells expressed rCdk4, as shown with immunofluorescence staining, and the expression level was higher than C2C12 cells without any gene manipulation ( Figures 7A and S7G) . Transduction of rCdk4 ( Figure 7B , green column) increased EdU uptake compared with the empty vector (yellow column) as expected, but rCdk4-P173A (pink column) did not cause this effect, indicating that prevention of isomerization of the P173 peptide bond canceled the effect of Fkbp5 KD. Similarly, transduction of rCdk4-P173A erased the effect of Fkbp5 KD in the differentiation index, 1-nucleus index, and expression of three differentiation-specific genes: Myog; Mymk; and Myh3 ( Figures 7C-7E ). Combined results with all these KDs and rescue experiments identified Cdk4-P173 as the primary target for the PPIase activity of Fkbp5 to promote myoblast differentiation.
DISCUSSION
This study demonstrates the requirement for an Fkbp family member as a PPIase in myogenesis. The link between Fkbps and muscle proliferation and differentiation has been studied before, in addition to the hypergravity study mentioned earlier. However, they did not evaluate the PPIase activity or identify target molecules of Fkbps. For example, a previous study inhibited Fkbp1 by rapamycin to conclude that Fkbp1 is important for muscle cell proliferation (Jayaraman and Marks, 1993) . Rapamycin might have inhibited other target proteins in this work. Indeed, another study found no obvious abnormality in muscle development in skeletal-muscle-specific Fkbp1 −/− mice, although disruption of excitationcontraction coupling was observed (Tang et al., 2004) . Our study showed the significance of the isomerization of the P173 peptide bond, but it requires further study to determine whether the cis or trans conformation promotes myoblast differentiation. This question may not be solved even if conformation-specific antibody is available because the conformation could be variable depending on whether Cdk4 binds to the Hsp90 complex, cyclin D1, or other partners. This issue and the question of the exact order of Cdk4 isomerization and phosphorylation could be addressed by structural analysis of each protein complex.
The current study also identified two regulatory mechanisms of Cdk4 activity by Fkbp5 in myoblasts: sequestration of Cdk4 in the Hsp90 complex and inhibition of Cdk4 phosphorylation. Through these mechanisms, Fkbp5 inhibits excessive proliferation of undifferentiated myoblasts and promotes differentiation when appropriate external cues are provided. IP results with proliferating myoblast extracts indicated that Fkbp5 is necessary to retain Cdk4 in the Hsp90 complex. The amount of Cdk4 bound to Hsp90 did not increase in differentiating cells, suggesting that the sequestration of Cdk4 to the Hsp90 complex is not a major regulatory process to inactivate Cdk4 during differentiation. Fkbp5 appears to constitutively regulate the level of Cdk4 activity rather than functioning as a switch for the dynamic transition of proliferation to differentiation. As a side note, Fkbp5 KD, but not Fkbp4 KD, substantially decreases the Cdk4 protein in a breast cancer cell line, although the molecular mechanism remains unknown (Jirawatnotai et al., 2014) . However, Cdk4 was not downregulated by Fkbp5 KD in C2C12 cells ( Figure 4E) . The difference between the two results could be due to the difference of the cell types.
In addition, this study illuminates the similarities and differences in the functions of Fkbp4 and Fkbp5 in myoblast proliferation and differentiation. Fkbp4 KD showed two phenotypes, acceleration of early phase, and inhibition of late phase of myoblast differentiation, in contrast to consistent inhibition of differentiation by Fkbp5 KD. Further study of Fkbp4 functions requires the use of cells of these two different stages. The differential functions between the two Fkbps have been extensively studied in the regulation of steroid hormone receptors by competing for receptor binding. Whereas Fkbp4 activates glucocorticoid, progesterone, and androgen receptor, Fkbp5 inhibits steroid hormone receptors in general, except for androgen receptor, which is activated by Fkbp5 (Stechschulte and Sanchez, 2011; Storer et al., 2011) . Activation by Fkbp4 is dependent on the PPI-1 domain as an interacting site with the receptors, but catalytic activity is not necessary for activation (Riggs et al., 2007) . The opposing roles between the two Fkbps are explained by the structural differences in the TPR domain and the C-terminal sequences (Barent et al., 1998) .
Cdk4 −/− mice are viable but show growth retardation and develop diabetes by six weeks after birth due to a reduction in pancreatic b cells (Raneet al., 1999; Tsutsui et al., 1999) . Muscle phenotypes have not been reported in these mice. All females are sterile due to diminished progesterone secretion from the corpus luteum in the ovary because of a decreased number of prolactin-secreting cells in the pituitary gland (Moons et al., 2002) . Ninety percent of males are also sterile because of hypoplastic seminiferous tubules in the testes. In addition, Cdk4 −/− fibroblasts show delayed entrance into the S phase by serum stimulation after quiescence. These observations indicate a cell-type-specific requirement of Cdk4 for cell proliferation. In our result, Cdk4 KD did not affect myoblast proliferation, but it does not necessarily downplay the significance of the Fkbp5-Cdk4 link. Absence of Cdk4 could be compensated by functionally redundant proteins, such as Cdk6 (Malumbres et al., 2004) ; however, presence of inactive Cdk4 as a dominant negative partner for cyclin D could be detrimental for cell cycle progression.
Our mass spectrometry identified histones H2B and H4 as potential binding partners of Fkbp5 and Fkbp4, respectively. Fkbps have PPIase-dependent and independent functions related to histones. In the PPIase-dependent function, Saccharomyces cerevisiae Fpr4 catalyzes isomerization of the peptide bonds preceding P30 and P38 of histone H3 as demonstrated by the in vitro PPIase assay . H3P38 isomerization results in the inhibition of H3K36 methylation, delaying the induction of specific genes in vivo. In the PPIase-independent function, Fpr4 facilitates nucleosome assembly as a histone chaperone in vitro and silences rDNA in vivo without the PPIase domain (Kuzuhara and Horikoshi, 2004; Xiao et al., 2006) . However, it is difficult, if not impossible, to study whether Fkbp4 and Fkbp5 function as histone isomerases in mammalian cells. First, antibodies against cis-or trans-specific histones are not commercially available. Additionally, whereas Saccharomyces cerevisiae has only two copies of core histone genes in the haploid genome, the human haploid genome encodes 23 histone H3 open reading frames scattered in eight chromosomes, rendering complete mutagenesis very difficult (Ederveen et al., 2011; Freeman et al., 1992) .
There are 16 members of the Fkbp family in the human genome (Hanes, 2015) . Systematic analyses of KO and KD phenotypes of these genes would provide unexpected perspectives on how muscle cell differentiation and regeneration are achieved by conformational changes in critical regulators of the processes. Preparation of Primary Myoblasts-Mouse muscle mononuclear cells were obtained from hind limbs of 8-12 weeks old male mice as previously described . Briefly, muscles were minced and digested with collagenase type 2 (Worthington, CLS-2) to dissociate muscle cells. Satellite cells were purified with MS columns (Miltenyi Biotec, and LD columns (Miltenyi Biotec, 130-042-901) by negative selection with antibodies against CD31-PE (eBioscience, 12-0311), CD45-PE (eBioscience, 12-0451), and Sca1-PE (eBioscience, 12-5981), followed by anti-PE MicroBeads (Miltenyi Biotec, 130-048-801). Subsequently, positive selection was applied with an antibody against biotinconjugated integrin α7-biotin (Miltenyi Biotec, 130-102-125) and anti-biotin MicroBeads (Miltenyi Biotec, 130-090-485). The cells were authenticated by the expression (or the lack thereof) of each surface antigen. Isolated satellite cells were cultured on dishes coated with rat tail collagen (BD Biosciences, 354236) in myoblast growth medium (HAM's F-10 medium with 20% fetal bovine serum (FBS), 10 ng/ml basic fibroblast growth factor (Thermo Fisher Scientific, PHG0263), penicillin (100 U/ml), and streptomycin (100 mg/ml)) at 37°C with 5% CO 2 . Low-passage satellite cell-derived primary myoblasts (typically less than eight passages) were used for immunostaining. Differentiation medium (Dulbecco's Modified Eagle Medium (DMEM) supplemented with 5% horse serum (HS), penicillin, and streptomycin) was used for myogenic differentiation.
Culture of C2C12, CGR8, and ES-E14TG2a cells-Mouse myoblast C2C12 cells
were obtained from American Type Culture Collection (ATCC, CRL-1772) and maintained in DMEM with 10% FBS in a 37°C and 5% CO 2 incubator. This and other cell lines below were authenticated by each provider. To induce differentiation into myotubes, the cells at 90% confluency (day 0) were rinsed twice with phosphate buffered saline (PBS) before addition of 5% HS in DMEM. Medium was changed every two days.
Mouse embryonic stem cells CGR8 and ES-E14TG2a were purchased from European Collection of Cell Cultures (ECACC, 07032901) and ATCC (CRL-1821), respectively. They were cultured in Glasgow Minimum Essential Medium supplemented with 2 mM glutamine, 0.05 mM 2-mercaptoethanol, 1,000 units/ml leukemia inhibitory factor (MilliporeSigma, ESG1106), and 10% FBS in culture dishes coated with 0.2% gelatin in PBS for 15 min.
METHOD DETAILS
Muscle Injury-Age-matched 8-12-week-old WT, Fkbp4 −/− , and Fkbp5 −/− mice were anesthetized with 2%-4% isoflurane (Phoenix). Right and left tibialis anterior (TA) muscles were injected with 50 μL 1.2% BaCl 2 and 50 μL PBS, respectively. TA muscles of 3-4 mice from each genotype were extracted immediately post-euthanasia at 5, 7, 10, and 14 days post-injury. Muscles were immediately frozen and 10 μm sections were prepared for hematoxylin eosin (H&E) staining. Gene Knockdown-293FT cells (Thermo Fisher Scientific, R70007) were seeded on day 1 in DMEM with 10% FBS at a concentration of 3×105 cells/well in a 12-well plate. On day 2, cells were transfected with 0.5 μg of a pLKO.1 lentivirus vector encoding an shRNA sequence for the gene of interest (Table S1 ), together with 0.2 mg each of pCMV-VSV-G (Addgene, 8454), pRSV-Rev (Addgene, 12253), and pMDLg/pRRE (Addgene, 12251) using 2.75 μL Lipofectamine 2000 (Thermo Fisher Scientific, 11668019). Medium was replaced with fresh DMEM with 10% FBS at 5 hr post-transfection. On day 4, target cells were seeded at a density of 1×10 5 cells/well in 12-well plates. On day 5, medium containing lentivirus from transfected 293FT cells was harvested and the virus was filtered through a 0.45 μm syringe filter and added to the target cells with 0.8 μg/ml polybrene (MilliporeSigma, H9268). Media was replaced with fresh DMEM with 10% FBS on day 6. On day 7, media was replaced with DMEM with 10% FBS containing 1 μg/ml puromycin dihydrochloride (MB Bio, 100552) to select for virus-integrated cells. Puromycin selection continued for 7 days. Proliferative cells were frozen in liquid nitrogen or expanded for further studies.
MTS Cell Proliferation
Gene Subcloning-Following cDNAs were inserted into the pET-21c(+) expression vector (MilliporeSigma, 69742-3) with a 6xHis tag at the carboxyl terminus: Fkbp4, Fkbp5, Fkbp5-Δ1 (deletion of amino acids 50-138), Fkbp5-Δ2 (deletion of amino acids 165-251), Fkbp5-FD67DV (replacement of Phe-Asp with Asp-Val at the amino acids 67 and 68), Fkbp5-W90L (replacement of Trp at the 90 th amino acid with Leu), Fkbp5-F130Y (replacement of Phe at the 130 th amino acid with Tyr), Cdk4, Cdk4-Δ1 (deletion of amino acids 1-100), Cdk4-Δ2 (deletion of amino acids 101-200), and Cdk4-Δ3 (deletion of amino acids 201-303). Fkbp cDNAs were inserted into the PEGX-2T expression vector (GE Healthcare, 28954653) with a glutathione S-transferase tag at the amino terminus. Fkbp cDNAs were also inserted into the pMXs-IP vector (Kitamura et al., 2003) with and without 3×FLAG (ATGGACTACAAGGACGACGACGACAAGGATTACAAGGATGATGATGATAAGGACT ATAAGGACGATGATGACAAA) and a linker (GGCGGCGGAGGCAGC) sequences at the 5′ end.
To prepare shRNA-resistant rCdk4 cDNA, 5′-GCCCTCAAGAGTGTGAGAGTT-3′ in the shRNA target sequence was replaced with 5′-GCaCTgAAaAGcGTcAGgGTa-3′, where lower case letters indicate new nucleotides. Cdk4-P173A mutant cDNA was prepared by replacing CCT (Pro) with gCa (Ala).
Gene Overexpression-PLAT-E cells (Morita et al., 2000) were seeded at a density of 2.5×10 5 cells/well in a 12-well plate with 10% FBS on day 1. On day 2, cells were transfected with 750 ng of pMXs-IP vector containing the gene of interest (Kitamura et al., 2003) using 2.3 μL FuGENE 6 (Promega, E2691). The culture medium was replaced with fresh DMEM with 10% FBS and target cells were seeded at a concentration of 1×10 5 cells/ well in a 12-well plate on day 3. PLAT-E cell medium containing the virus was harvested on day 4 and filtered through a 0.45 μm syringe filter before transduction into target cells with 0.8 μg/ml polybrene (MilliporeSigma, H9268). Medium was replaced again on day 4 prior to a second transduction on day 5. Starting on day 6, 1 μg/ml puromycin dihydrochloride selection for virus-integrated cells was performed for 5 days. Proliferating cells were frozen in liquid nitrogen or used in experimentation.
Recombinant Cdk4 Protein Series-Recombinant proteins of Cdk4 and its deletion mutants were prepared as described before with some modifications (Gonda et al., 2006) . The E. Coli strain BL21(DE3) was transformed with each construct and the protein expression was induced with 1 mM of isopropyl-β-D-thiogalactopyranoside for 3 hr. Cells were harvested and resuspended in Buffer 1 (50 mM sodium phosphate buffer pH 8.0, 300 mM NaCl, 8 M urea, 10 mM imidazole, 0.7 mM 2-mercaptoethanol, and 0.1 mM phenylmethylsulfonyl fluoride). The cells were lysed using an Ultrasonic Sonifier 450 (Branson) and 100 μg/ml lysozyme. The lysate obtained from 200 mL culture of E. coli was incubated with 1 mL of Ni-NTA Agarose (QIAGEN, 30230) at 4°Cfor 1 hr with gentle inversion. The mixture was then transferred to a column and washed with Buffer 2 (same as Buffer 1 except for 20 mM imidazole, 6 M urea). The protein was eluted by Elution Buffer (same as Buffer 1 except for 250 mM imidazole, 6 M urea) and collected. Eluted protein (2.5 ml) was renatured by dialysis against a series of buffers at 4°C as follows. First, 500 mL of Buffer 3 (20 mM Tris-HCl pH 8.0,10% glycerol, 10 mM 2-mercaptoethanol, and 0.1 mM phenylmethylsulfonyl fluoride) with 2 M NaCl and 1 M urea for 1 hr. Second, 500 mLof Buffer 3 with 2 M NaCl and 0.5 M urea for 1 hr. Third, 500 mL of Buffer 3 with 2 M NaCl for 12 hr. Finally, 500 mL of Buffer 3 with 150 mM NaCl for 2 hr. The dialyzed protein was stored at −80° C.
GST Pull-down Assay-The E. Coli strain BL21(DE3) was transformed with the plasmids encoding Fkbp5 and the mutants. Protein expression was induced with 1 mM of isopropyl-β-D-thiogalactopyranoside for 3 hr. Cells were harvested, lysed in Buffer A (125 mM Tris-HCl pH8.0 and 100 mM NaCl, and 0.5% Tween 20) and 100 μg/ml lysozyme with an Ultrasonic Sonifier 450. Eight hundred microliters of the cell lysate, equivalent to 8 mL of E. coli culture, was incubated with gentle rocking for 1 hr at 4°C with 12.5 μL of Pierce Glutathione Magnetic Agarose (Thermo Fisher Scientific, 78601) previously washed with Buffer A. The beads were then washed three times with Buffer A. Subsequently, 30 μg of the recombinant proteins of Cdk4 and its mutant proteins were separately added to the beads, followed by incubation with gentle rocking for 1 hr at 4°C. The beads were washed three times with Buffer A and bound proteins were eluted with 30 μL of 50 mM reduced glutathione in Buffer A. Eluted proteins were stored at −80°C.
Immunofluorescence Staining of Cells-C2C12 cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 in PBS for 5 min. The cells were stained with an antibody against myosin heavy chain (MHC, Developmental Studies Hybridoma Bank, MF20, 1:200 dilution) and secondary antibody Alexa Fluor 488 anti-mouse IgG (Thermo Fisher Scientific, A21202) for 1 hr each at 25°C. DNA was counter-stained with 5 mg/ml Hoechst 33342 (MilliporeSigma, B2261). Primary myoblasts were fixed with 2% paraformaldehyde for 10 min and blocked with 1% bovine serum albumin in PBS for 30 min. Permeabilized cells were stained with an antibody against MHC and myogenin (Developmental Studies Hybridoma Bank, F5D, 1:50 dilution) and then incubated with secondary antibody Alexa Fluor 488 anti-mouse IgG. DNA was counterstained with 4',6'-diamidine-2'-phenylindole dihydrochloride (DAPI, MilliporeSigma, 10236276001) . Fluorescence images were captured using Metamorph Basic software (Molecular Devices) with LUCPlanFLN 20× or 10× objective lens (Olympus) with 0.45 Ph1 aperture and a C11440-42U digital camera (Hamamatsu) attached to an IX73P2F microscope (Olympus). The images were processed with Adobe Photoshop and Illustrator CS6. Differentiation index was defined as a percentage of nuclei (Hoechst-or DAPI-stained structure) existing within MHC(+) cells among randomly selected 1,000 nuclei in total. 1-nucleus index is a percentage of nuclei that were located in MHC(+) cells containing only one nucleus among randomly selected 1,000 nuclei. To analyze EdU uptake, cells were pulse-labeled with 0.5 μM EdU (5-ethynyl-2′-deoxyuruidine) with a Click-iT EdU Alexa Fluor 448 imaging kit (Invitrogen, C10337) for 30 min. Frequency of EdU uptake was calculated by observing randomly selected 1,000 nuclei stained with Hoechst 33342.
Single Myofiber Culture and Immunostaining-Single myofibers were isolated by 0.2% collagenase type I digestion (Sigma-Aldrich, C0130) of extensor digitorum longus (EDL) muscles for 90 min at 37°C. Isolated single myofibers were transferred and cultured on 5% HS-coated tissue culture dishes with DMEM supplemented with 10% HS and 2% chicken embryo extract (Gemini Bio-Products, 100-163P)for 72 hr. Single myofibers were fixed with 2% paraformaldehyde in PBS for 20 min, permeabilized with 0.2% Triton X-100 in PBS for 10 min, and blocked with 10% bovine serum albumin in PBS for 30 min. The fibers were stained with primary antibodies (anti-Pax7, Developmental Studies Hybridoma Bank, 1:5 and anti-MyoD, Santa Cruz Biotechnology, sc-304, 1:500) and secondary antibodies (Alexa Fluor 488 donkey anti-mouse IgG (Thermo Fisher Scientific, A21202, 1:500) and Alexa Fluor 568 donkey anti-rabbit IgG (Thermo Fisher Scientific, A10042, 1:500). Nuclei were counterstained with DAPI.
Hematoxylin Eosin Staining-TA muscle sections were fixed with 2% paraformaldehyde for 5 minutes at 25°C priorto staining. The staining procedure was as follows: deionized water for 1 min, Harris Modified Hematoxylin (Thermo Fisher Scientific, SH26-500D) for 2 min, tap water for 1 min, deionized water for 1 min, Eosin-Y (Thermo Fisher Scientific, 22-220-104) for 5 min, 95% ethanol for 30 s, 100% ethanol for 2 min twice, and xylene for 10 min twice. Stained sections were mounted using Permount (Thermo Fisher Scientific, SP15-100). Images were captured with a DP26 camera (Olympus) attached to the microscope above, using the cellSens Entry 1.11 software (Olympus).
Flow Cytometry-Cells were harvested, washed with cold PBS and fixed in ice-cold 70% ethanol for 45 min. Fixed cells were centrifuged at 140 × g for 10 min at 4°C, resuspended in a propidium iodide solution (40 μg/ml propidium iodide and 100 μg/ml RNase I in PBS) at a density of 5×10 5 cells/ml, and incubated for 30 min at 37°C prior to analysis. The amount of DNA in each cell was quantified with a BD LSRII H4760 (University Flow Cytometry Resource) and the acquired data was analyzed with the FlowJo 7.6.5 software.
Immunoprecipitation-Whole cell extracts were obtained by resuspending 4×10 6 cells with 300 μL lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM MgCl 2 , 1% NP40, 0.1 mM phenylmethylsulfonyl fluoride, 2 mM leupeptin, 1.5 mM pepstatin A, and 150 u/ml benzonase). After 20 μL Dynabeads Protein G (Thermo Fisher Scientific, 10004D) were washed twice with 0.1% Tween 20 in PBS, 3 μg of antibody was added and incubated at 25°C for 30 min. The beads were then washed three times with 500 μL of 0.1% Tween 20 in PBS and incubated with the extracts for 20 min at 4°C with gentle rocking. The beads were washed eight times with PBS, 0.1% Tween 20, 0.1 mM phenylmethylsulfonyl fluoride, 2 mM leupeptin, 1.5 mM pepstatin A. The beads were resuspended in 1× Laemmli buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.005% bromophenol blue, and 25 mM dithithreitol) and incubated at 95°C for 5 min to elute proteins for SDS-PAGE or mass spectrometry.
Western Blotting-Eluate from immunoprecipitation or whole cell extracts obtained from 2×10 5 cells were loaded into a 12% SDS-PAGE gel. After completion of electrophoresis, the proteins were transferred to an Immobilon P membrane (EMD Millipore, IPVH00010) at 4°C over-night. The next day, the membrane was blocked with 5% non-fat dry milk (BioRad, 180171A) in PBT (0.2% Tween 20 in PBS) for 1 hr at 25°C. Proteins were then labeled with the primary antibody of interest diluted in 5% milk in PBT at 25°C for 1 hr. After washing with PBT for 5 min three times, the membranes were incubated with secondary antibodies goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology sc-2004) or goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, sc-2005) both diluted at 1:1000 in 5% milk in PBT for 1 hr at 25°C. After washing the membrane with PBT six times, the chemiluminescence signal was detected with a SuperSignal West Dura kit (Thermo Fisher Scientific, 34075) and X-ray films.
Phospho-Cdk4 and phospho-Rb antibodies were used with a second protocol as follows to avoid the sequestration of the antibodies by casein in the milk. The membrane was blocked with 5% non-fat dry milk in TBST (50 mM Tris-HCl pH 7.5, 0.1% Tween 20) for 1 hr at 25°C, followed by wash with TBST for 5 min three times. Primary antibodies were diluted in 5% bovine serum albumin in TBST and three subsequent washes were done with TBST.
Secondary antibodies were diluted in 5% milk in TBST and six subsequent washes were done with TBST.
Quantitative RT-PCR-RNA was extracted from cells using a Quick RNA Microprep (Zymo Research, R1051) or RNeasy Plus Mini (QIAGEN, 74136) kit, depending on cell number. RNA quantity and purity were assessed using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized with ProtoScript II Reverse Transcriptase (New England Biolabs, M0368L). Quantitative PCR (qPCR) was performed with the primers listed in Table S2 and a GoTaq qPCR Master Mix (Promega, A6002) in a Mastercycler realplex 2 thermocycler (Eppendorf). PCR conditions were as it follows: an initial denaturation at 95°C for 10 min, 40 cycles of 95°C for 15 s, 30 s at the specific annealing temperature for each set of primers, and 72°C for 30 s, and a melting curve step to check the specificity of the reaction. mRNA expression levels were analyzed by normalizing expression values to glyceraldehyde 3-phosphate dehydrogenase (Gapdh) expression. Mean ± SD of three technical triplicates were calculated.
Peptidyl Prolyl Isomerase Assay-Custom peptides were synthesized at EZBiolab and dissolved at 7.8 mM in 0.47 M LiCl in 2,2,2-trifluoroethanol (Thermo Fisher Scientific, AC139750250). PPIase activity was measured as described before Shan et al., 1994) . One hundred and ninety one microliters of PPIase buffer (100 mM Tris-HCl pH 8.0 and 150 mM NaCl), 2 μL of 50 μM recombinant Fkbp5 or its mutants, and 5 μL of 20 μM α-chymotrypsin dissolved in 1 mM HCl and 2 mM CaCl 2 were mixed. After an addition of 2 μL of the peptide, absorbance at 390 nm was measured every second for 5 min with a Lambda Bio+ spectrometer (Perkin Elmer). k cat /K M was calculated using nonlinear regression with GraphPad Prism 7.
Mass Spectrometry-This was performed as described previously (Lowe et al., 2018) . The proteins obtained with immunoprecipitation were separated with a Criterion 8%-16% Tris-HCl gradient gel (Bio-Rad Laboratories, 3450038). The gel was fixed with 40% ethanol and 10% acetic acid for 30 min, followed by staining with Imperial Protein Stain (Thermo Fisher Scientific, 24615). The stained protein regions were excised and digested with trypsin (Shevchenko et al., 1996) . The dried peptide mixtures were solubilized in 2% acetonitrile and 0.1% trifluoroacetic acid in water, cleaned with the Stage Tip protocol (Rappsilber et al., 2003) , and dried in vacuo.
Mass spectrometry analysis was performed with approximately 1.5 μg of sample and spectra were acquired on an Orbitrap Fusion (Thermo Fisher Scientific) coupled to an Easy-nLC 1000 (Thermo Fisher Scientific) ultrahigh pressure liquid chromatography pump. Peptides were separated on a 100 μm internal diameter, 20 cm column containing ReproSil-Pur C18 resin (3 μm, 120 Å, Dr. Maisch GmbH, Germany). Liquid chromatography condition was as follows: 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) with a gradient consisting of 2 min of 2%-8% B, 40 min of 8%-30% B, 1 min of 30%-90% B, 5 min of 90% B, 1 min of 90%-2% B, and 5 min of 2% B with a flow rate of 330 nl/min.
Mass spectrometric data was acquired in top 8 data dependent mode. The MS1 spectra data was collected at a resolution of 60,000 with an automated gain control (AGC) target of 400,000 and a max injection time of 50 ms. Precursor ions were filtered according to charge state (2-7 z) and an intensity of > 130,000 were selected for MS/MS, in which a dynamic exclusion window of 10 s and ± 10 ppm mass accuracy was employed for previously examined precursor ions. Isolation of MS2 precursor ions was performed using a quadruple mass filter set to 1.6 m/z window and fragmentation of precursor ions was performed using an HCD-normalized collision energy of 35 with first mass set to 100 m/z. The MS/MS scan was acquired with Orbitrap resolution of 15,000 an AGC target of 50,000, and a maximal injection time of 100 ms.
RNA-seq-Total RNA was prepared from KD C2C12 cells before differentiation (day 0) and day 3 and 5 during differentiation. shRNA clone #1 was used for Fkbp4 and Fkbp5 KD.
RNA concentration and RNA Integrity Number (RIN) were measured with an Agilent BioAnalyzer 2100. Samples with RIN over 8 were used to create sequencing libraries at University of Minnesota Genomics Center. One microgram of total RNA was used to create each sequencing library using Truseq RNA Sample Preparation Kit (Illumina, RS-122-2001) . Briefly, poly-adenylated RNA was first purified using oligo-dT-coated magnetic beads. RNA was then fragmented and reverse-transcribed into cDNA. The cDNA was further fragmented, blunt-ended, and ligated to barcoded adaptors and amplified. Final library size distribution was validated with capillary electrophoresis and quantified with a Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, P11496) and qPCR. Indexed libraries were pooled and size-selected to 320 bp ± 5% with a LabChip XT (PerkinElmer). Libraries were loaded onto a single read flow cell and amplified on a cBot (Illumina) before sequencing using a HiSeq 2500 (Illumina).
Bioinformatics Analysis-On average, 5.96 million reads (5.16 million to 7.31 million) were generated per library. The demultiplexed FASTQ files were analyzed using a customized pipeline (gopher-pipelines;https://bitbucket.org/jgarbe/gopher-pipelines/ overview) developed and maintained by the Minnesota Supercomputing Institute. Briefly, FastQC v0.11.5 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check on the sequencing quality of the FASTQ files. Then adapters and low quality reads were trimmed using Trimmomatic v0.33 (http://www.usadellab.org/cms/index.php? page=trimmomatic) (Bolger et al., 2014) . An additional quality check with FastQC was performed on the post-trimming sequences to ensure successful adaptor and quality trimming. The remaining sequences were then aligned to GRCm38/mm10 reference genome using HISAT2 v2.0.2 (https://ccb.jhu.edu/software/hisat2/index.shtml) and transcript abundance was counted using subread v1.4.6 (http://subread.sourceforge.net/) (Kim et al., 2015; Liao et al., 2014) . Differential gene expression analysis was performed in R v3.4.3 using edgeR package (https://bioconductor.org/packages/release/bioc/html/edgeR.html) (Robinson et al., 2010) . Pathway analysis of differentially expressed genes were performed by functionally annotate the genes and perform overrepresentation enrichment test using PANTHER (http://pantherdb.org/) (Mi et al., 2013) . Heatmaps were generated using the log transformed counts with pheatmap v1.0.8 (https://cran.r-project.org/web/packages/ pheatmap/index.html) packages. Hierarchical clustering was performed using average linkage clustering method with correlation coefficient as similarity metric.
QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis-Images of HE-stained sections were randomly selected for analysis; 1,000 muscle fibers (500 per mouse) from each genotype (WT, Fkbp4 −/− , and Fkbp5 −/− ) at 5, 7, 10, and 14 days post injection were analyzed along with uninjured TA sections. Only regenerating fibers with centrally-located nuclei (CLN) were used. Cross sections were first separated using ilastik 1.2 software (ilastik). Pixel Classification. ImageJ (NIH) was used to make images binary and quantify myofiber cross-section area. Histograms of cross section area were made and are shown in Figure 1 .
Statistical Analysis-Student's t tests were used in the analysis of statistical significance of the difference in the differentiation index, the 1-nucleus index, EdU uptake, and qRT-PCR data. The mean + or ± SD obtained from three experiments was shown in each graph. Wilcoxon Rank Sum test with Bonferroni adjustment was used to determine the statistical significance of the differences in Figure 1B .
DATA AND SOFTWARE AVAILABILITY
The RNA-seq data have been deposited to Gene Expression Omnibus (GEO) under the accession number of GEO: GSE109237.
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In Brief
Ruiz-Estevez et al. show that Fkbp5 inhibits Cdk4 activity by sequestering it in the Hsp90 complex and preventing phosphorylation at T172 through isomerization of P173. Lack of Cdk4 activity inhibits proliferation and promotes myogenesis. This study provides evidence that Fkbp5 functions as an isomerase necessary for myogenesis. (A) H&E staining of TA muscle sections of KO and WT mice. Scale bar, 100 μm. (B) Size distribution of regenerating myofibers, which contain centrally located nuclei, and undamaged myofibers stained with H&E. Randomly selected 500 myofibers from two mice each, totaling 1,000 myofibers for each mouse strain, were measured. *p < 0.01, **p < 0.001, and ***p < 0.0001 with Wilcoxon Rank Sum test with Bonferroni adjustment.
Highlights
(C) Immunostaining of primary myoblasts prepared from WT and KO mice with antibodies against MHC. EdU uptake was also detected. DNA was counter stained with DAPI. Cells (E) Detection of phosphorylated Cdk4 and Rb during differentiation of the KD cells. H2B was used as a loading control. 
